Abstract The relationship of Foot-and-Mouth Disease virus antigen payload and number of dose of vaccine conferring protection against virus challenge in goats was studied. Goats vaccinated with oil adjuvant Foot-andMouth Disease vaccines containing different antigen payloads with or without booster resisted virulent challenge at 21 days post-vaccination or 7 days after booster respectively. However, localized sub-clinical infection was observed in two vaccinated goats on 35 days post-challenge. RNA could be detected from 31.8% of vaccinated goats (10 2.69 -10 4.99 viral RNA copies per cotton swab of nasal secretions) on day 35 post-challenge. Since no live virus could be isolated after 5 days post-challenge, the risk of these animals transmitting the disease was probably very low. The finding showed that oil adjuvant Foot-and-Mouth Disease vaccines containing antigen payload of 1.88 lg may prevent or reduce the local virus replication at the oropharynx and shedding of virus from nasal secretions and thereby reduce the amount of virus released into the environment subsequent to exposure to live virus. This study also showed that goats with poor sero conversion to vaccination can be infected without overt clinical signs and became carriers like sheep.
Introduction
Foot-and-Mouth Disease (FMD) is endemic in India and outbreaks are recorded throughout the year. FMD virus (FMDV) serotypes O, A and Asia 1 are prevalent. All the ruminants are affected and the disease has been studied extensively in cattle, less so in buffaloes and sheep but poorly in goats. Vaccination of goats results in protective immune response and development of colostral antibodies [1] . Small ruminants are vaccinated only in the face of FMD outbreak and vaccination programs do not include small ruminants. There is paucity of information on the role of goats in FMD epidemiology and transmission. Also the role of vaccine in the control of FMD in goats is poorly studied. The dose of the aqueous vaccine per animal varies from 2 to 3 ml and small ruminants usually receive onethird of cattle dose. However, in the case of oil based vaccines for a typical dose volume of 2 ml for large ruminants, the small ruminants usually receive one half of a cattle dose [2] . In the present study we made an attempt to study the effect of vaccination and the payload of antigen in the vaccine in prevention of FMD against virulent challenge and subsequent effects such as persistence of virus and immune response in goats.
Materials and Methods

Vaccination, Challenge and Sampling
Thirty Osmanabadi goats aged between 6 and 12 months were used in this study. The details of antigen payloads in experimental oil adjuvant Foot-and-Mouth vaccine formulations, vaccination and challenge schedule is given in Table 1 . Animals were challenged with 1,000 cattle tongue ID 50 (CTID 50 ) virulent O 1 Manisa virus intradermally into the coronary band [3] .
Clotted blood for serology and detection of antibodies against FMDV non-structural protein (NSP) was collected on 0, 5, 14, 21 and 28 days post-vaccination (dpv) and 0, 5, 10, 15, 21, 28 and 35 days post-challenge (dpc). Heparinised blood and nasal secretions were collected daily up to 10 days post-challenge and thereafter at weekly intervals up to 35 days post-challenge. These materials were used for virus isolation (VI) and quantitative real-time RT-PCR (qRT-PCR). Probang samples were collected from the upper oesophagus and pharynx on 0, 3, 5, 10, 15, 21, 28 and 35 days post-challenge for VI and qRT-PCR. The goats were monitored for clinical signs of disease and temperatures were recorded daily. A subjective scoring system with slight modification [4] was used to evaluate the progression of disease in these animals. Individual clinical signs were scored as follows: lesions in the inoculated foot-1; Mouth lesions-2; lesions on one foot other than the inoculated foot-2; lesions on two feet other than the inoculate foot-3; lesions on three feet other than the inoculate foot-4; The scores were then added. The lesion score from the inoculated feet was not considered as generalization of the disease. A goat could therefore score a maximum of six points.
Virus Isolation
Nasal secretions and probang samples were examined for the presence of live virus by bovine primary thyroid (BTY) cell culture inoculation [5] and confirmatory antigen ELISA [6] . BTY cell culture supernatants from samples showing no sign of CPE after 72 h were pooled and repassaged once and the absence of FMDV was confirmed by antigen ELISA as mentioned above.
Real-Time Quantitative RT-PCR Assay for Detection of Viral RNA The amount of viral RNA in blood, nasal secretions and probang samples were quantified by real-time RT-PCR (qRT-PCR) as described previously [7] . For the generation of standard curves, a FMDV RNA standard was synthesized in vitro from a plasmid containing a 79 base pair insert of the internal ribosomal entry site (IRES) of a type O FMDV (kindly provided by Dr. Donald P. King, Institute for Animal Health, UK) using a MEGAScrip TM T7 kit (Ambion, USA) as described previously [4] . The CT values were assigned to each reaction and samples with a CT value of 35 or less were considered positive [8] .
Serology
Antibodies to FMDV NSP 3ABC were tested using Cedi test Ò FMDV-NS (Cedi-Diagnostics, The Netherlands) and an in-house indirect ELISA [9] . Serum antibody titres were measured [10] and expressed as the reciprocal of the final dilution of serum in the serum/virus mixture which neutralized an estimated 100 TCID 50 of virus at the 50% endpoint estimated according to the method of Kärber [11] .
Statistical Analysis
Statistical analysis of the serum antibody titres was carried out by methods described by Snedecor and Cochran [12] . Vaccinations were staggered to allow simultaneous challenge of all goats in each group. Group 3 and 4 animals received only one vaccine while Group 1 and 2 received one vaccine and a booster dose on day 21 post-vaccination. The groups 3 and 4 received the vaccine 7 days after the groups 1 and 2. As a result all the groups were challenged on the same day i.e. day 21 post-vaccination for groups 3 and 4 and day 28 postvaccination for groups 1 and 2
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The 95% confidence interval was calculated for each serum titre (Mean ± 1.96 9 Standard Error). Student's t test was used to compare the amount of virus excreted or virus genome in the blood, nasal secretions and probang samples.
Results
Development of Clinical FMD
Five out of six control goats exhibited pyrexia (C40°C) and clinical signs of FMD, recording a highest clinical score of 6 on days 2-5 post-challenge. All vaccinated goats were protected against challenge. However, three goats each in group 3 and 4 showed pyrexia (C40°C) from 2 to 7 days post-challenge and thereafter body temperature dropped to normal range.
Detection of Virus/Virus Nucleic Acid in Blood, Nasal secretion and Probang Samples
Blood
Five out of six unvaccinated goats showed the presence of viral RNA in blood one day after challenge (Mean = 10 2.38 copies per ml) and persisted up to 9 days post-challenge. Virus could be isolated up to 5 days post-challenge in unvaccinated goats. Neither virus nor viral RNA was detected throughout the study period in the vaccinated goats.
Nasal Secretions
Viral RNA could be detected in nasal secretions from both vaccinated and unvaccinated goats up to 35 days postchallenge. Live virus could be isolated from nasal secretions of both vaccinated and unvaccinated goats up to 5 days post-challenge. The unvaccinated control group excreted a significantly higher (P \ 0.001) higher mean viral RNA copy number than the vaccinated group (Fig. 1 
Probang Samples
All of the unvaccinated control goats excreted virus in the probang samples up to 35 days post-challenge (Fig. 2) . No correlation could be established between virus isolation and qRT-PCR. Two goats in group 1 did not shed the virus throughout the study period. Two other goats scored positive on 3, 5 and 28 days post-challenge with levels of virus RNA. One goat in group 1 was positive up to day 35 post-challenge. In group 2 (19 with two doses) four out of 
Serology
All of the unvaccinated control goats were found to be NSP antibody positive from 10 to 15 days post-challenge and continued to be positive up to 35 days post-challenge. One vaccinated goat in group 1 (G11) and two goats from group 4 (G29 and G37) were found to be NSP antibody positive from 10 to 35 days post-challenge. Serum neutralizing antibody responses in vaccinated (Groups 1, 2, 3 and 4) and unvaccinated (Group 5) goats following vaccination and challenge are shown in Fig. 3 . Also presented is the mean antibody titre at each point for each group. One goat (G11) from group 1 did not seroconvert at the time of challenge. A comparison of mean titre of neutralizing antibody between both the vaccinated group and the unvaccinated groups revealed significant difference (P \ 0.001) at the time of challenge. At the time of challenge, no significant difference of mean neutralizing antibody titre (P [ 0.05) were observed between the There was no significant difference between the vaccinated groups (P [ 0.05) while there was a highly significant difference (P \ 0.001) between the vaccinated and unvaccinated groups different groups. However, goats belonging to G4 showed significantly higher (P \ 0.05) higher mean antibody titre than 19 antigen payload with single dose at the time of challenge. Convalescent antibody response was noticed in unvaccinated control goats that declined after 21 days postchallenge.
Discussion
We studied the effect of vaccines with two different payloads with or without booster vaccination in offering protection against virus challenge, virus replication and persistence in goats. The results showed that vaccination offered complete protection in goats against the clinical disease even with a low antigen pay load of 1.88 lg without booster vaccination. A similar finding was obtained for sheep that were challenged 14 days after vaccination with different payloads of monovalent type O 1 Lausanne vaccine [13] .
Protection from the clinical disease did not always coincide with prevention of localized, sub-clinical infection. In the first 10 days after challenge, FMDV was found within the oropharynx of 12 out of the 24 vaccinated goats. During the first 10 days after challenge, the amount of virus produced was significantly less (P \ 0.001) less in the vaccinated group compared to unvaccinated goats. These findings demonstrate the ability of the vaccine to either prevent or reduce the viral replication shortly after virulent challenge at the site of the primary infection (the oropharynx), thereby limiting the amount of infectious material released into the environment from sub-clinically infected animals.
Virus was isolated from probang samples of two vaccinated goats (G11 and G37) on 35 days post-challenge. Since there is paucity of information regarding vaccination and challenge in goats, the result from the present study were compared with information on sheep. Evidence of persistence of FMDV infection in sheep is well established and the vaccinated sheep becoming carriers has been reported [3] . Orsel et al. [14] showed a difference in the likelihood of becoming a carrier between vaccinated (4.1%) and unvaccinated (50%) sheep exposed to infection and Parida et al. [15] reported that 10-20% of vaccinated sheep and 37.5% of unvaccinated controls became carriers on day 35 post-challenge. In our study 8.3% vaccinated goats and 50% unvaccinated control goats became carriers.
The results showed that the amount of viral RNA present in the vaccinated goats was significantly lower (P \ 0.001) than the unvaccinated animals up to 35 days post-vaccination. However, it is difficult to assess the relationship between RNA copy number and infectivity [16] . Results presented here show that correlation between isolation of virus and detection of viral RNA from nasal secretions is variable. The presence of low level of viral RNA in the absence of detectable live virus at 35 days post infection for few vaccinated goats is interesting. The most likely reason for this lack of correlation is the involvement of antibody, either from serum or local production at the mucosa of following sub-clinical infection. It is clear therefore that although detection of FMDV RNA may be useful for the diagnostic purpose, as in determining whether an animal has had contact with virus, RNA copy number alone may not be useful as an indicator for determining whether a persistently infected animal is likely to present a risk for disease transmission. Since transmission from both the vaccinated and unvaccinated animals was not measured directly, the biological significance of this reduction remains unsubstantiated. Clearly future studies need to be designed to measure transmission directly and are the natural progression from the present work. This is the first report to measure the excretion of FMDV RNA in nasal secretions and probang samples of vaccinated and subsequently challenged goats.
NSP antibody responses in challenged animals were apparent in only three vaccinated goats at 35 days postchallenge. However, all of the unvaccinated control goats showed NSP antibodies at 10-35 days post-challenge. This data suggests vaccinated animals (Group 1-4) could resist challenge with live virus.
Protective FMDV neutralizing antibody was present on the day of challenge in animals vaccinated with the two payloads of antigen with or without booster. In our study, most of the vaccinated goats had neutralising antibody titre at the time of challenge while all the unvaccinated animals were sero negative. Cox et al. [17] showed that protection was associated in part with the induction of serum antibody response, though some sheep in spite of having low antibody levels in circulation were protected. This observation explains why one goat (G11) was protected from clinical disease with very little or no serum neutralizing antibody titre.
Overall, the results of the study suggest that the vaccination offers protection from clinical disease even at a low payload of 1.88 lg and one-half of the cattle doses of the current vaccine formulations is sufficient to induce protective immune response in goats. An antigen payload of 1.88 lg may reduce the virus replication at the oropharynx, shedding of virus in nasal secretions and reduce the amount of virus released into the environment subsequent to exposure to live virus. The study also showed that goats that do not respond to vaccination, in the absence of protective immune response can become potential carriers similar to the unvaccinated animals as in the case of sheep.
